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@) An Article comprising a pb-free solder having Improved mechanical properties. 



@ A high-strength Pb-free solder alloy, based on 
the Sn-Ag-Zn system, is disclosed. The addition 
of Zn significantly improves the mechanical 
strength and creep resistance of e.g., Sn-3.5% 
Ag eutectic solder while maintaining substan- 
tially the same level of ductility. The increase in 
strength is as much as 48% over that of the 
Sn-3.5% Ag alloy. This strengthening from the 
Zn additions is attributed to a uniform solidifi- 
cation structure and a substantial refinement of 
the precipitates in the alloy. Essentially all of the 
added Zn resides in the more conrosion- 
resistant, Ag-based, intermetallic precipitates, 
leaving the Sn-rich matrix primarily firee of Zn In 
solid solution. 

STRAIN (in./in.) 



< 

CM 



UJ 



FIG. 1 



ZIHC ADDITIONS TO SN-3.5X AG 
12 1 : 




Jouve, 18. rue Saint-Denis, 75001 PARIS 



1 



EP 0 612 578 A1 



2 



Field of the Invention 

This invention relates to an article comprising 
solder, more specifically Pb- free solder. 

5 

Baclcground of the invention 

Solder bonding is a critical step in many industrial 
processes, e.g., in semiconductor device manufac- 
ture. The cunrently most widely used solder probably io 
is the eutectic Pb-Sn alloy. However, due to the toxi- 
city of lead (Pb), there is currently substantial interest 
in finding a Pb-free substitute solder alloy. 

The eutectic tin-silver (Sn-Ag) alloy is a known 
Pb-f ree solder, (see W. B. Hampshire, Electronic Ma- is 
terials Handbook Vol. 1, Packaging. ASM Internation- 
al, Metals Park, OH, 1989. p. 633) that has some ad- 
vantageous characteristics, e.g.. good ductility. Un- 
) fortunately, the alloy also has some drawbacks, e.g., 

insufficient creep resistance especially for applica- 20 
tions requiring high dimensional stability. The manu- 
facturing yields and service lifetimes of microelec- 
tronic products often depend on the mechanical in- 
tegrity of solder joints. While breaking is the most ob- 
vious problem, misalignment of a laser chip by mech- 25 
anical creep and the resultant loss of information in 
the optical system is also a problem. It would be de- 
sirable to have available a Sn-Ag based solder com- 
position that has improved mechanical strength and 
creep resistance while retaining the advantageous 30 
characteristics of the prior art Sn-Ag solder. This ap- 
plication discloses such compositions. 

Summary of the Invention 

35 

We have made the unexpected discovery that the 
addition of Zn to a Sn-Ag alloy can result in a solder 
) composition of improved mechanical properties. 

Thus, in a broad aspect, this invention relates to Pb- 
free solder alloys based on a tin-silver-zinc (Sn-Ag- 40 
2n) system. More particularly, the invention Is em- 
bodied in an article that comprises an essentially Pb- 
f ree solder composition comprising at least 50% (typ- 
ically at least 80%) by weight Sn, between 0.1 and 
10% by weight Ag and an effective amount of Zn for 45 
increasing the ultimate tensile stress (UTS) and/or 
offset yield strength (YS) of the solder composition by 
at least 10% of an otherwise identical Zn-free com- 
parison composition. In an exemplary preferred em- 
bodiment, the composition comprises 1% Zn, 3.5% so 
Ag and 95.5% Sn. 

We have found that the addition of Zn to Sn-Ag 
binary alloys can produce a uniform and refined mi- 
crostructure with very small precipitates, and result in 
significantly improved mechanical strength while 55 
maintaining substantially the same level of ductility 
as in a corresponding Zn-free alloy. The Zn addition 
typically also improves the character of the solidified 



alloy's surface by making it smoother. The added Zn 
typically combines with corrosion-resistant Aga Sn 
type precipitates, resulting in a relatively conroslon re- 
sistant solder. 

Brief Description of the Drawings 

FIG. 1 illustrates the effect of Zn additions on the 
tensile properties of Sn-3.5 wt% Ag solder. 

FIG. 2 shows data on some mechanical proper- 
ties of Sn-Ag-Zn alloys as a function of Zn content. 

FIGs. 3 and 4 are micrographs of the prior art Sn- 
3.5% Ag alloy. 

FIGs. 5 and 6 are micrographs of a sample of Sn- 
3.5%Ag-1%Zn alloy. 

FIG. 7 compares creep deformation in the Sn- 
3.5% Ag and Sn-3.5% Ag-1% Zn alloys. 

Detailed Description 

This invention Is embodied in Pb-f ree solder al- 
loys, based on a Sn- Ag-Zn system, which can have 
substantially improved microstructures and improved 
mechanical properties (including strength) over a bi- 
nary Sn-Ag alloy. The improved strength of the alloy 
is believed to be a result of the addition of zinc (Zn), 
which can cause a uniform solidification structure 
and a pronounced refinement of the intermetallic pre- 
cipitates in the solder alloy. 

In the past, Zn typically has been avoided as a 
solder alloying addition due to, inter alia, the suscep- 
tibility of Zn to corrosion. (See W. B. Hampshire, Elec- 
tronic Materials Handbook Vol. 1, Packaging, ASM In- 
ternational. Metals Park, OH, 1989, p. 639). We have 
discovered that, contrary to expectations, addition of 
Zn to Sn-Ag based alloys need not result in signifi- 
cantly increased susceptibility to corrosion. This un- 
expected result is believed to be due to a tendency of 
the added Zn to combine with corrosion-resistant ele- 
ments, such as Ag, within intermetallic phases. 

In general, a solder alloy comprising a fine uni- 
form dispersion of small precipitates in a matrix phase 
is likely to have good mechanical strength. Diffusion, 
especially at elevated temperatures, however, often 
leads to precipitate coarsening in. e.g.. Pb-Sn solder, 
which decreases the mechanical strength of the sold- 
er by creating fewer, larger precipitates and allowing 
propagation of fatigue cracks along the coarsened, 
mechanically soft region. 

It is known that there is substantially no solid sol- 
ubility of Ag in Sn. Thus essentially all the Ag in the 
Sn- 3.5% (by weight) Ag eutectic alloy resides in Aga 
Sn intermetallic phase particles, and the Sn-3.5% Ag 
alloy is much more stable than the eutectic Pb-Sn al- 
loy with respect to precipitate coarsening because of 
the difficulty in diffusing Ag atoms through solid Sn. 
However, the intermetallic phase particles in eutectic 
Sn-Ag typically are relatively coarse, with attendant 
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relatively low strength compared to the inventive 
solder composition. 

We have discovered that the addition of Zn to a 
Sn-Ag alloy can improve both the mechanical 
strength and creep resistance properties while sub- 
stantially maintaining the ductility, and without sub- 
stantial increase in the susceptibility to corrosion. We 
currently believe that the beneficial results of Zn ad- 
dition are due to microstructural changes (typically 
formation of more and smaller precipitate particles), 
together with the substantial incorporation of the Zn 
into precipitate particles. 

Desirable composition ranges for the Sn-Ag-Zn- 
containlng alloys are: Ag in the range of 0.1-10%. pre- 
ferably 1-6%, and even more preferably 2-5%, Zn in 
the range of 0.1-10%, preferably 0.2-6%, and even 
more preferably 0.5-3%, with the remainder of the al- 
loy comprising Sn as the major component. All per- 
centages herein are weight %. 

Optionally, alloys according to the invention may 
also comprise Bi and/or In. The desirable amounts of 
these additions are: Bi in the range of 0.2-10%. pre- 
ferably 0.5-6%, and In in the range of 0.2-10%, pre- 
ferably 0.5-6%. Addition of Bi and/or In will typically 
lower the melting point. Alloys according to the inven- 
tion optionally may comprise elements such as Cu or 
Au, added for various purposes such as raising the 
melting point, or improving wetting behavior on cer- 
tain surfaces to be soldered. The desirable amounts 
of these optional constituents are: Cu in the range of 
0.2-10%, preferably 0.5-6%, and Au in the range of 
0.2-10%, preferably 0.5-6%. Minor amounts of other 
elements may also be added for a number of different 
reasons. 

The alloys of this Invention may be prepared by 
a number of different ways known to those skilled in 
the art, e.g., by melting of a mixture of elemental or 
partially alloyed metals, preferably in an inert atmos- 
phere. The alloys may also be prepared during depos- 
ition into thin or thick films by electrochemical proc- 
esses such as electroplating, electroless plating and 
electrophoresis, chemical processes such as chemi- 
cal vapor deposition, or physical vapor deposition 
such as evaporation or sputtering. 

Compositions according to the invention may be 
shaped, by any appropriate method, into articles In 
the form of wires, ribbons, bars, performs, solder 
paste or cream containing alloy powder, suitable flux 
material, and other chemical constituents. Spider ac- 
cording to the invention can be used in the manufac- 
ture of articles (e.g., comprising a laser solder-bond- 
ed to a sub-mount) in conventional manner, e.g., by 
wave soldering, dip soldering, or reflow soldering of 
solder paste or deposited and patterned solder layer. 



EXAMPLES 
Example 1 

5 A Sn-3.5 wt.% Ag binary alloy was prepared from 

pure Sn and Ag (99.9999% purity). The alloy was 
melted within a quartz tube having an inside diameter 
of 14 mm under argon atmosphere, held at 800°C for 
8 hours, and furnace-cooled. The resulting ingot was 

10 swaged to 3.7 mm diameter, remelted within .4 mm di- 
ameter quartz tubes in an argon atmosphere at 300 
""C for 5 minutes, and then cooled to room tempera- 
ture. The thus produced rods were then machined 
Into tensile specimens with a 0.5-Inch gauge length 

15 and 0.120-inch gauge diameter. Room temperature 
tensile tests were performed at a strain rate of 
3.33x10^ sec-\ The 0.2% offset yield strength (YS) 
of the alloy was approximately 7500 psi, the ultimate 
tensile strength (UTS) was approximately 8000 psi, 

20 and the elongation was approximately 37%. The melt- 
ing temperature of the alloy was approximately 
221 «C. 

Example 2 

25 

Sn-3.5% Ag-1 .0% Zn ternary alloy tensile speci- 
mens were prepared and tested in substantially the 
same manner as in Example 1. The results were as 
follows: the YS was approximately 10000 psi, the 
30 UTS was approximately 12000 psi, and the elonga- 
tion was approximately 35%. The melting point of the 
alloy was approximately 215X. 

Example 3 

35 

An alloy with a composition of 91.5% Sn-3,5% 
Ag-1%Zn-4% Bi was prepared and tested in substan- 
tially the same manner as In Example 1 . The mech- 
anical properties were as follows: the YS was approx- 
40 imately 9500 psi, the UTS was approximately 11500 
psi and the maximum elongation was approximately 
41%. The melting point was approximately 205**C. 

Example 4 

45 

An alloy with a composition of 87.5% Sn-3.5% 
Ag-1% Zn-8% Bi was prepared and tested in substan- 
tially the same manner as in Example 1. The melting 
point was approximately 198*'C. 

50 

Example 5 

An alloy with a composition of 91.5% Sn-3.5% 
Ag-1% Zn-4% In was prepared and tested in substan- 
55 tially the same manner as in Example 1. The melting 
point was approximately 204''C. 
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Example 6 . 

An alloy with a composition of 87.5% Sn-3.5% 
Ag-1% Zn-4% BI-4% In was prepared and tested in 
substantially the same manner as in Example 1. The 
melting point was approximately 197''C. 

Tensile, YS, UTS, and elongation tests were per- 
formed, substantially as described, on four solder al- 
loy compositions, 96.5% Sn-3.5% Ag, 96% Sn-3.5% 
Ag-0.5% 2n, 95.5% Sn-3.5% Ag-1% Zn. and 94.5% 
Sn-3.5% Ag-2% Zn. The room temperature tensile 
stress-strain curves for the four alloys are shown in 
FIG. 1. All three ternary compositions (0.5, 1.0, and 
2.0 wt.% Zn) exhibit significant increases in both 
0.2% offset yield stress and ultimate yield strength, 
as can be seen from FIG. 2. Peak ultimate strength 
was observed for approximately 1% Zn, showing 
about 48% improvement over that of the binary Sn- 
3.5% Zn alloy. Our data indicate that even relatively 
small Zn additions can result in substantial improve- 
ment (e.g., 10% improvement for 0.1% addition) in 
mechanical strength. The ductility of compositions 
according to the invention, as measured by the elon- 
gation to failure, typically Is comparable to that of the 
Sn-3.5% Ag binary alloy, which is surprising, consid- 
ering typically the significantly greater tensile 
strength of the former. 

Scanning electron microscopy clearly reveals mi- 
crostructural differences between the Sn-3.5% Ag bi- 
nary alloy (Zn-f ree) and the Zn-containing alloys. See 
FIGs. 3 to 6. The dark contrast in these micrographs 
is associated with the Sn-phase and the lighter con- 
trast is associated with an intermetallic phase, typi- 
cally of the AgaSn-type. The Sn-3.5% Ag binary alloy 
(FIGs. 3 and 4), exhibits a rather coarse and non-uni- 
form solidification microstructure. In FIG. 3, the large 
dark globules are Sn dendrites, which occupy as 
much as 20-30% volume in the alloy. 

The 95.5% Sn-3.5% Ag-1% Zn alloy exhibits a 
very different microstructure. As shown in FIGs. 5, 
and 6, the microstructure is substantially uniform, 
and has finely dispersed small (e.g., - .3^m diameter) 
precipitate (AgsSn-type) particles. Within EDXA (en- 
ergy dispersive x-ray analysis) detection limits, the 
Zn was found exclusively within the precipitate phase. 
Thus, Zn can have both aspheroidizing and a refining 
effect on the AgsSn-type precipitates. We believe that 
this very fine, uniform, two-phase structure is largely 
responsible for the observed improvement in proper- 
ties. 

Differential scanning calorimetry (DSC) of the 
four alloys showed small melting point depressions in 
the ternary, zinc- containing alloys when compared to 
the binary Sn-3.5%Ag eutectic alloy's melting tem- 
perature of 221 °C. The melting points of the 0.5, 1 
and 2% Zn ternary alloys were, respectively, 1-2, 4 
and 4**C lower than that of the eutectic binary alloy. 
Lower melting temperature is desirable when a more 



or less direct replacement for the Pb-Sn solder (e.g. 
melting point is approximately 183**C for the eutectic 
40Pb-60Sn alloy) is considered. Higher melting tem- 
perature is desirable for higher service temperatures. 

5 Additional alloying additions may be made to further 
adjust the melting temperature of the Sn-Ag-Zn alloy 
as described In the Examples 4-6. 

The surface features of solidified binary Sn-Ag 
solder alloys are, typically undesirably, frequently 

10 rough and covered with large needle-like AgaSn pre- 
cipitates. The microstructural refinement that occurs 
in the Zn-containing alloys also alleviates these sur- 
face roughness problems. The smoothness of the Zn- 
containing alloys can be dramatic when compared to 

15 the binary Sn-Ag alloy. 

Thermal fatigue and/or mechanical creep occurs 
more readily when elevated temperature cycles are 
involved. Diffusion is enhanced at elevated tempera- 
tures, therefore microstructural coarsening is more 

20 likely to occur. Since regions of inhomogeneous mi- 
crostructural coarsening are known to be preferred 
sites for fatigue and creep cracks to initiate, one of the 
keys to improved solder joint reliability is the ability 
to produce and stabilize fine, uniform microstruc- 

25 tures. The present work demonstrates that Zn addi- 
tions to Sn-Ag alloys can accomplish this. 

FIG. 7 Illustrates differences in compressive 
creep deformation between the prior art binary alloy 
and an exemplary ternary alloy according to the in- 

30 vention, at 1 25°C under approximately 1 000 psi pres- 
sure (1 ksi). As is evident from the figure, the addition 
of Zn dramatically reduces creep resistance. Even rel- 
atively small Zn additions (e.g., 0.1%) can result in 
substantial desirable improvement in creep resis- 

35 tance, e.g., by at least 20%. 

Furthermore, it is likely that the addition of Zn to 
the prior art composition can have additional benefits 
such as improving solder wetting and adhesion on 
Cu-, Zn-, or Al-contalning surfaces by forming, solid 

40 solutions and/or intermetallic compounds at the inter- 
face. 



Claims 

45 

1. An article comprising Pb-free solder composi- 
tion, the composition comprising by weight: 

.2-6.0% Zn 

1-6% Ag, the remainder being substantial- 

50 lySn. 

2. An article according to claim 1 , wherein the arti- 
cle is a solder paste, cream, or a solder preform. 

55 3. An article according to claim 1 , wherein the arti- 
cle comprises a first body and a second body at- 
tached to the first body by means comprising said 
solder composition. 
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4. An article according to claim 1, wherein the first 
body is a substrate with electrical Interconnection 
means thereon, and the second body comprises 
an integrated circuit chip. 

5 

5. An article according to claim 1, the composition 
consisting of by weight: 

0.6-3% 2n 

2-5% Ag, the remainder being Sn. 

10 

6. An article according to claim 1, the composition 
consisting of by weight: 

1%2n 

3.5% Ag, the remainder being Sn. 

15 

7. An article according to claim 1, the composition 
having a room temperature ultimate tensile 
stress (UTS) and a room temperature 0.2% offset 
yield strength (YS), wherein at least one of said 
UTS and YS is at least 25% higher than that of a 20 
Zn free comparison composition containing the 
same percentage of Ag as said composition and 

the remainder being Sn. 

8. An article according to claim 1, the composition 25 
having a creep strain after 40x1 O^s at 125''C un- 
der 1 Ksi load, that is at most 50% of the creep 
strain after 40x1 O^s at 125°C under 1 Ksi load of 

a comparison composition containing the same 
percentage of Ag as the said composition and the 30 
remainder being Sn. 

9. - An article comprising a Pb-free solder composi- 

tion, the composition consisting of by weight: 

.2-6.0% Zn 35 
1.0-6.0% Ag 

.2-6.0% In, the remainder being Sn. 

10. An article comprising a Pb-free solder composi- 
tion, the composition consisting of by weight: 40 

.2-6.0% Zn 
1.0-6.0% Ag 
.2-6.0% In 

.2-6.0% Bi, the remainder being Sn. 

45 
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